Adolescence is characterized by vulnerability to the development of neuropsychiatric disorders including drug addiction, as well as prefrontal cortical refinement that culminates in structural stability in adulthood. Neuronal refinement and stabilization are hypothesized to confer resilience to poor decision making and addictive-like behaviors, although intracellular mechanisms are largely unknown. We characterized layer V prefrontal dendritic spine development and refinement in adolescent wild-type mice and mice lacking the cytoskeletal regulatory protein Abl-related gene (Arg) kinase. Relative to hippocampal CA1 pyramidal neurons, which exhibited a nearly linear increase in spine density up to postnatal day 60 (P60), wild-type prefrontal spine density peaked at P31, and then declined by 18% by P56 -P60. In contrast, dendritic spines in mice lacking Arg destabilized by P31, leading to a net loss in both structures. Destabilization corresponded temporally to the emergence of exaggerated psychomotor sensitivity to cocaine. Moreover, cocaine reduced dendritic spine density in wild-type orbitofrontal cortex and enlarged remaining spine heads, but arg Ϫ/Ϫ spines were unresponsive. Local application of Arg or actin polymerization inhibitors exaggerated cocaine sensitization, as did reduced gene dosage of the Arg substrate, p190RhoGAP. Genetic and pharmacological Arg inhibition also retarded instrumental reversal learning and potentiated responding for reward-related cues, providing evidence that Arg regulates both psychomotor sensitization and decision-making processes implicated in addiction. These findings also indicate that structural refinement in the adolescent orbitofrontal cortex mitigates psychostimulant sensitivity and support the emerging perspective that the structural response to cocaine may, at any age, have behaviorally protective consequences.
Introduction
Adolescence is characterized by increased risk taking, vulnerability to the development of neuropsychiatric disorders such as drug addiction, and activity-dependent neocortical refinement that culminates in synaptic reorganization and dendritic spine pruning by early adulthood Rakic et al., 1994; Anderson et al., 1995; Spear, 2000; Chambers et al., 2003; Bhatt et al., 2009 ). Synapse and spine stabilization processes may impose a biological "set point" for prefrontal cortical-dependent neuropsychiatric vulnerabilities (Garey, 2010) and cognitive capacity in adulthood (Crews et al., 2007) , and structural stabilization is hypothesized to confer resilience to impulsive decision making, addiction, and addictive-like behaviors in the transition from adolescence to adulthood (Spear, 2000; Chambers et al., 2003) . With regard to addiction vulnerability, structural refinement and neuronal stability within the orbital compartment of the prefrontal cortex (oPFC) may be particularly impactful; classically associated with reward-related behavioral flexibility (Butter et al., 1963) , the oPFC is widely implicated in cognitive and psychomotor sensitivity to amphetamine-like psychostimulants (Jentsch and Taylor, 1999; Schoenbaum et al., 2004; Moghaddam, 2006, 2008) .
Under some circumstances, oPFC volume and dendritic spines atrophy in response to psychostimulants (Crombag et al., 2005; Singer et al., 2009; Muhammad and Kolb, 2011a,b) . Structural atrophy may contribute to decreased oPFC glucose utilization after even short-term cocaine exposure in monkeys (Porrino et al., 2002) , as well as diminished oPFC gray matter and cognitive flexibility in long-term cocaine addicts (Franklin et al., 2002; Ersche et al., 2008) . Nonetheless, studies addressing whether biological events that compromise dendritic spine stability increase vulnerability to cocaine have largely focused on the ventral striatum (Norrholm et al., 2003; Lee et al., 2006; Shen et al., 2009; Kiraly et al., 2010) . This may in part be due to the technical difficulties associated with deep-layer oPFC structural analyses (Kolb et al., 2008) .
We used transgenic mice that express green fluorescent protein (GFP) in layer V oPFC to characterize postnatal dendritic spine development and refinement: Spine density peaks at P31, the equivalent of early adolescence in mice (Spear, 2000) , and is then pruned in close concordance with volumetric refinement in rodents and humans (Van Eden and Uylings, 1985; Giedd et al., 1999) . Using mice lacking the Arg nonreceptor tyrosine kinase as a model of adolescent-onset synapse instability (Moresco et al., 2005; Sfakianos et al., 2007) , we next investigated the relationship between cortical spine refinement and cocaine-induced behavioral and structural plasticity. Our findings provide the first direct evidence that oPFC spine density-particularly in the context of neocortical maturation-impacts cocaine vulnerability and support an emerging model in which cocaine-induced structural plasticity has behaviorally "protective" consequences (Toda et al., 2006; Pulipparacharuvil et al., 2008; Gourley et al., 2011) . Arg is activated by integrin receptor engagement with the extracellular matrix (Bradley and Koleske, 2009) ; given that integrin-mediated signaling events are impacted by cocaine exposure in mice (Wiggins et al., 2009 ) and implicated in cocaine addiction in humans (Mash et al., 2007; Drgon et al., 2010) , better understanding the role of the downstream Arg kinase may suggest novel pharmacotherapeutic approaches to treating stimulant addiction, particularly in vulnerable populations.
Materials and Methods
Subjects. arg and abl knock-out (arg Ϫ/Ϫ ; abl Ϫ/Ϫ ) (Koleske et al., 1998) , (Brouns et al., 2001) , and wild-type (wt) littermate mice maintained on a mixed 129Sv/J ϫ C57BL/6 background were used at the ages indicated, with the exception of local infusion experiments, which were conducted in C57BL/6 mice from Charles River Laboratories at 8 -10 weeks of age. For dendritic spine sampling, arg ϩ/Ϫ breeders were crossed with mice expressing thy1-derived GFP (Feng et al., 2000) to generate GFP-expressing offspring. All animals were maintained on a 12 h light cycle (7:00 A.M. on) and provided food and water ad libitum except during instrumental conditioning experiments when body weights were maintained at ϳ93% of baseline to motivate instrumental responding for food reinforcement. Animals tested in adulthood were exclusively males; experiments conducted before P36 included both males and females. Procedures were approved by the Yale Institutional Animal Care and Use Committee.
Dendritic spine sampling. Littermate transgenic arg ϩ/ϩ and arg Ϫ/Ϫ mice expressing GFP were killed by rapid decapitation for dendritic spine analysis at P21, P24, P31, and P56 -P60 or 24 h after injection in the case of cocaine exposure. We used methods similar to those previously described by our group (Sfakianos et al., 2007) : Briefly, fresh brains were submerged in 4% paraformaldehyde for 48 h, and then transferred to 30% w/v sucrose, followed by slicing into 40-m-thick sections on a microtome held at Ϫ15°C. Slices were mounted, and dendritic segments running parallel to the coronal surface of the section and not overlapping with other segments that would obscure dendritic spine visualization were imaged on a laser-scanning confocal microscope (Olympus Fluoview FV1000) using a 100ϫ objective with a digital zoom of 3 and laser excitation wavelength at 488 nm. Z-steps of 0.5 m were used to generate stacks that included ϳ1 m above and below the targeted dendritic segment. A Kalman filter reduced background interference. After imaging, the area was photobleached to allow for post hoc confirmation that the image was collected from the lateral oPFC or rostral hippocampal (CA1 apical branches) subregions. Both hemispheres were sampled. Collapsed z-stacks were analyzed using NIH ImageJ: Each protrusion Յ4 m was considered a spine (Peters and Kaiserman-Abramof, 1970) and counted. Additionally, spine lengths and head widths (at the widest point) were measured. If a spine bifurcated, only the longest arm was measured and counted. Individual planes were also evaluated to detect protrusions extending perpendicular to the collapsed z-stack. Total spine number for each segment was normalized to the length of the dendritic segment to generate density values. Spine-devoid dendritic segments (e.g., those immediately extending from the soma) were not counted, and all scoring was conducted by a single blinded rater.
In the oPFC, eight segments within 150 m of the soma from each of three to four mice per group, depending on litter composition, were scored; a total of 436 -590 m of dendritic material per time point per genotype were scored. Due to the relatively stellate appearance of oPFC neurons, apical versus basal branches were not distinguished (for direct comparison with medial PFC neurons, see Liston et al., 2006; Kolb et al., 2008) . Densities were compared by two-factor ANOVA with genotype and age as factors and n constituting branch number. Spine lengths and head widths were compared by the Kolmogorov-Smirnov test.
In the hippocampus, the unique alignment of CA1 neurons allows for clear and unambiguous spine sampling as a function of distance from the somatic layer. Thus, in each 50 m window collected from rostral CA1, starting at the soma, three to four clearly enumerable apical branches were identified and sampled. This approach resulted in 92-204 m of dendritic material per 50 m sampling window per time point per genotype scored. Protrusion density at each time point was analyzed by twofactor (distance by genotype) ANOVA, and an overall assessment of density was generated by two-factor (genotype by time point) ANOVA with density values collapsed across the entire dendritic length. Values that fell Ͼ2 SDs outside of the mean were excluded.
As is common practice, each animal in our cellular morphology experiments contributed multiple dendritic segments that were then treated as independent samples when spine densities were analyzed. Normality tests were conducted to confirm that density differences could not be attributed to values from any single individual animal.
Psychostimulant administration. We used a within-subjects repeated low-dose cocaine or methylphenidate (MPH) administration protocol as previously described (Gourley et al., 2009 ): Animals were injected with either cocaine hydrochloride (10 mg/kg, i.p.; 1 ml/100 g; generously provided by NIDA) or MPH (5 mg/kg, i.p.; 1 ml/100 g; Sigma-Aldrich) for 5 consecutive days after 1 h habituation to a large, clean cage (41 ϫ 20 ϫ 20 cm). Locomotor activity was monitored with the Omnitech Digiscan Micromonitor system equipped with 16 photocells. Photobeams broken in the 30 min after injection were normalized to those broken in the 30 min before injection to control for individual differences in basal activity levels. Normalized photobeam counts on days 1 and 5 were analyzed by repeated-measures ANOVA with day and genotype or infusion as factors. Mice were first injected at one of three ages: P24, P31, or 8 -10 weeks of age as indicated. Photobeam breaks generated by repeated interruption of the same photobeam-suggestive of repetitive, stereotyped actions-are reported throughout.
We also tested for the persistence of cocaine or MPH sensitization in adult mice with a "challenge" injection administered after 7-10 drug-free days, also as previously described (Gourley et al., 2009) . Here, each animal was monitored for 2.5 h: First, mice were allowed to habituate to the chamber for 1 h. Mice then received a saline injection and were monitored for 1 h. A second injection containing 10 mg/kg cocaine or 5 mg/kg MPH followed, and photobeam counts during the subsequent 30 min were counted. Photobeams broken during the 30 min after psychostimulant injection were normalized to those generated during the 30 min after saline injection to identify the degree to which cocaine or MPH potentiated locomotor activity beyond any conditioned response to injection. Percentage-of-saline values were analyzed by one-factor (genotype) ANOVA for cocaine comparisons and t test for MPH comparisons.
Ifenprodil administration. In a separate group of P31 mice, ifenprodil (10 mg/kg, i.p., in 5% EtOH and saline; Tocris) or vehicle was administered 30 min before cocaine (10 mg/kg, i.p.) or saline for 5 consecutive days. The dose and inject-to-test interval were selected based on pilot studies and previous work in adult rats (Schumann and Yaka, 2009) . When mice were 9-week-old adults, sensitivity to cocaine "challenge" was assessed: As above, mice were monitored for 1 h during habituation to the locomotor chamber, for 1 h following saline injection, and for 30 min following cocaine (10 mg/kg, i.p.) injection. Again, photobeams broken during the 30 min after cocaine injection were normalized to those generated during the 30 min after saline injection.
Instrumental conditioning. Adult mice were used in all instrumental conditioning studies that used methods similar to those previously described (Gourley et al., 2008) : Mice were trained to nose poke for food reinforcement (20 mg grain pellets; Bio-Serv) in standard MED Associates conditioning chambers equipped with three nose poke recesses. Mice were first exposed to the chambers for 15 min, during which pellets were provided in the food magazine upon each head entry. Nose poke training was then initiated with 1 h training sessions during which mice were reinforced for entering the nose into a single designated recess one, two, or three times, as randomly determined by the operating computer (i.e., a variable ratio 2 schedule of reinforcement). Initially, reinforcer delivery was uncued; in subsequent experiments as indicated, a 2 s 2 kHz tone coterminated with reinforcer delivery. When responding was stable-defined as the SD of responses made on the active aperture for 3 consecutive days falling Ͻ12% of the mean number of responses made over the same period-mice proceeded to the next phase of the experiment, instrumental reversal test or instrumental responding for conditioned stimuli. In the case of intracranial microinfusion, infusions were made after instrumental training with drug groups designated by matching animals' response rates on the active aperture.
Instrumental reversal test. In an instrumental reversal task sensitive to oPFC lesions (Gourley et al., 2010) and chronic cocaine exposure (Krueger et al., 2009) , the location of the reinforced aperture within the chamber was "reversed," such that a mouse trained to respond on the leftmost aperture was reinforced for responding on the rightmost aperture and vice versa. The center aperture remained un-reinforced. Test sessions were 30 min in duration and conducted daily for 4 consecutive days. Reponses made on the active and inactive apertures were analyzed by one-factor (genotype or infusion) ANOVA with repeated measures.
Instrumental responding for conditioned stimuli. In mice trained to respond at stable levels for food reinforcers accompanied by an auditory cue, food reinforcement was withheld such that nose poke responding resulted in only tone presentation. Mice were also fully sated. Five such 15 min test sessions were conducted in a single day, and responses made on the active aperture were analyzed by one-factor (genotype or infusion) ANOVA with repeated measures. Responses made for food plus tone during the final 15 min of training are shown for comparison. One animal routinely responded Ͼ2 SDs outside of the mean and was excluded.
Local oPFC infusions. For local infusions, mice were anesthetized with ketamine/xylazine. The head was shaved and placed in a stereotaxic frame (David Kopf Instruments). The scalp was incised, skin retracted, bregma and lambda identified, the head leveled, and coordinates located using Kopf's digital coordinate system with resolution of 1/100 mm. Two burr holes were drilled, and sterile saline, latrunculin A (5 g/l; Sigma-Aldrich), or the Abl family kinase inhibitor 4-[(4-methylpiperazin-1-yl)methyl]-N-(4-methyl-3-{[4-(pyridin-3-yl)pyrimidin-2-yl]amino}phenyl)benzamide (STI-571) (10 mM in saline; kindly provided by Dr. Bill Bornmann, University of Texas, Houston, TX) was infused over 2 min in a volume of 0.15 l at ϩ2.6 AP, ϩ1.2 ML, Ϫ2.8 DV (Bissonette et al., 2008; Gourley et al., 2010) . Needles were left in place for 2 additional minutes before withdrawal. Mice were sutured and allowed to recover for 3 d, or 14 d in the case of delayed testing, at which point experiments resumed. In two mice that did not acquire the instrumental conditioning task, 1% thionin was infused in the same volume. These brains were extracted, fixed in 4% paraformaldehyde, sliced into 40-m-thick sections on a microtome held at Ϫ15°C, mounted, and imaged using a light microscope to illustrate infusion sites. Otherwise, termination of needle tracks in the oPFC was visually confirmed at the conclusion of the experiments.
Statistical analyses. Two-tailed parametric statistical analyses with ␣ ϭ 0.05 were performed using SigmaStat, version 3.1. Tukey's post hoc tests were used in the event of significant ANOVA interaction or main effects, as appropriate. A value of p Յ 0.05 indicated a significant difference between groups. Kolmogorov-Smirnov analyses were conducted using MATLAB; due to substantial power generated by large sample sizes, only p Յ 0.001 was considered significant. Dendritic spine densities measured as a function of developmental stage were analyzed by two-factor ANOVA but fit to third-order polynomial curves for illustrative purposes; for discussion of curve-fit models, see Payne et al. (2010) .
Results

Arg kinase regulates postnatal dendritic spine maturation
Layer V oPFC dendritic spines, defined as protrusions extending Յ4 m from the dendritic shaft (Peters and KaisermanAbramof, 1970) , were identified and quantified in transgenic mice expressing thy1-derived GFP (Feng et al., 2000) . Lateral oPFC spine density was evaluated at P21, P24, P31, and P56 -P60, corresponding to weanling, preadolescence, adolescence, and young adulthood in mice (Spear, 2000) . At P21, P24, and P31 in control wt animals, densities were on average Ͼ1 spine/m and peaked at P31, with an average density of 1.32 spines/m (main effect, F (3,185) ϭ 3.8; p ϭ 0.01; relative to younger ages, p Յ 0.02). Between P31 and P56 -P60, spine density declined to ϳ1.08 spines/m, representing the reduction of ϳ18% of spines between P31 and P56 -P60 ( p ϭ 0.02) (Fig. 1a,b) . Interestingly, spine densities in mice lacking the cytoskeletal regulator Arg kinase were indistinguishable from control levels at P21 and P24 (p Ն 0.5), but densities dropped-rather than peaked-at P31 and remained low into adulthood (time by genotype, F (3,185) ϭ 7.9; p Ͻ 0.001; post hoc values of p Յ 0.02 relative to age-matched control), representing a ϳ19% reduction of dendritic spines compared with adult wt littermates (Fig. 1a,b) .
Dendritic spine densities in adult layer V oPFC here were comparable with those determined following Lucifer yellow or biocytin loading (Liu and Aghajanian, 2008; Chen et al., 2009; Li et al., 2010) , or by electron microscopy (Kuroda et al., 1996) of adult proximal layer V dendrites in the adjacent prelimbic cortex. Spine densities were slightly higher than those reported following analyses of Golgi-impregnated layer II/III oPFC [ϳ0.86/m in the study by Kolb et al. (2004) ] (but see Muhammad and Kolb, 2011a,b) and Golgi-impregnated deep-layer prelimbic cortex (Sherren and Pappas, 2005; Wang and Deutch, 2008; Ball et al., 2009; Andolina et al., 2011) . Larger values may reflect greater sensitivity of fluorescence techniques in detecting smaller spines (Shen et al., 2009 ), but direct comparisons with Golgi-Coximpregnated layer V oPFC are limited because Golgi impregnation largely spares layer V oPFC neurons (Kolb et al., 2008) .
We also analyzed dendritic spines in a region not expected to show late-stage dendritic spine refinement-hippocampal CA1. On rostral CA1 apical dendrites, spine pruning was indeed not evident between P31 and P56 -P60; instead, a persistent incremental elevation in spine density from P21 to adulthood was identified in control wt mice, with highest densities at P56 -P60 (main effect of age, F (3,593) ϭ 3.6; p ϭ 0.01; post hoc values of p Յ 0.02) (Fig. 1c) , as predicted based on electron microscopy studies (Harris et al., 1992) . As in the oPFC, Arg deficiency resulted in a decline in density that was first detectable at P31, and persisted to P56 -P60 (interaction, F (3,593) ϭ 8.1; p Ͻ 0.001; post hoc values of p Ͻ 0.001 relative to age-matched control).
We next evaluated spine density in rostral CA1 as a function of distance from the somatic layer. This approach indicated density was reduced throughout the dendritic arbor at P31 (main effect of genotype, F (1,131) ϭ 16.3; p Ͻ 0.001) (Fig. 1d 3 ,f ) . By P56 -P60, however, reductions in spine density were primarily concentrated to a highly branched region 200 -350 m from the cell body layer targeted by the Schaffer collaterals (Amaral and Lavenex, 2007 ) (distance by genotype interaction, F (7,132) ϭ 3.2; p ϭ 0.004; post hoc values of p Յ 0.004) (Fig. 1d 4 ,f ) . As expected, analyses at P21 and P24 did not reveal genotypic differences (Fig.  1d 1 ,d 2 ,f ) .
Spine lengths at P31 and P56 -P60 were also analyzed to evaluate the gross morphology of individual spines at critical time points. Arg deficiency resulted in longer cortical spines at P31 (Kolmogorov-Smirnov, p Ͻ 0.0001) (Fig. 1e 1 ) , suggestive of an immature spine phenotype (for review, see Bhatt et al., 2009) . Smaller head widths supported this impression (KolmogorovSmirnov, p ϭ 0.001) (Fig. 1e 1 , inset) , but both effects were undetectable at P56 -P60 (Fig. 1e 2 ) , and thus likely transient. Spine lengths did not differ in the hippocampus (Fig. 1e 3 ,e 4 ) .
The developmental trajectory of oPFC spine refinement predicts cocaine vulnerability
We hypothesized that reduced oPFC dendritic spine density may confer vulnerability to cocaine exposure. According to this hypothesis, arg Ϫ/Ϫ mice should exhibit exaggerated psychomotor sensitivity to cocaine at P31 when reductions in spine density are first detectable. Indeed, arg Ϫ/Ϫ mice administered cocaine from Figure 1 . Arg deficiency redirects postnatal dendritic spine refinement. a, Dendritic spines were enumerated in layer V oPFC at P21, P24, P31, and P56 -P60. Spine density peaked at P31 and then declined ascontrolanimalsenteredadulthood.Inarg Ϫ/Ϫ mice,however,spinedensitydroppedprecipitouslyatP31andremainedlow.Densitiesdidnotdifferbetweenarg Ϫ/Ϫ andwild-typecellsatP21andP24.Inset, PlatefromFranklinandPaxinos(2007)atbregma2.58withoPFCsamplingsitesrepresentedbyblackboxes.b,RepresentativeoPFCdendriteswithagesandgenotypesindicated.Scalebars,10m.c,Inrostral CA1, wild-type spine density increased across postnatal development, but again, densities in arg Ϫ/Ϫ mice diverged at P31 and remained low at P56 -P60. Inset, Plate at bregma Ϫ1.7 with black boxes representing sampling sites. d, Hippocampal spine density was analyzed as a function of distance from the somatic layer, revealing nonselective loss at P31. By P56 -P60, loss was concentrated to a region 200 -350mfromthecellbodylayer.Adashedlinewasplacedat1.5tofacilitatecomparisonbetweenplots.e,DendriticspinelengthswerealsomeasuredatP31(adolescence)andP56 -P60(earlyadulthood). Cortical spines in adolescent arg Ϫ/Ϫ mice were longer than control spines at the same age, suggestive of an immature phenotype; consistent with this interpretation, spine head widths were also smaller in adolescent arg Ϫ/Ϫ mice (inset). These phenotypes appeared transient, however, since differences were not detected at P56 -P60 (or P21 and P24) (data not shown). Hippocampal spine lengths did not differ between genotypes at any time point. f, Representative hippocampal dendrites with ages and genotypes indicated. Scale bars, 5 m. Symbols represent means ϩ SEMs. *p Ͻ 0.05; **p Ͻ 0.0001.
P31 to P35 showed exaggerated locomotion in response to repeated cocaine injection (main effect, F (1,8) ϭ 6; p ϭ 0.04) (Fig. 2a) . When tested from P24 to P28 before reductions in spine density are identified, arg Ϫ/Ϫ mice did not differ from control mice (F Ͻ 1), providing compelling evidence that reductions in oPFC dendritic spine density correlate closely with cocaine-mediated behavioral plasticity. In both cases, sensitivity to cocaine increased with repeated exposure, reflecting classical sensitization effects (values of p Ͻ 0.001).
Based on these findings, pharmacological compounds that grow and stabilize cortical synapses and spines might be predicted to protect adolescent animals from the long-term effects of cocaine. Because glutamate signaling through NR2A-containing NMDA receptors during postnatal development indeed stabilizes adolescent synapses during critical periods and in response to environmental stimuli (see Discussion), mice of both genotypes were administered the NR2B-selective NMDA receptor antagonist ifenprodil before cocaine from P31 to P35. When locomotor sensitivity to cocaine was tested in adulthood at 9 weeks of age, mice exposed to cocaine starting at P31 without ifenprodil pretreatment generated more photobeam breaks than untreated mice (main effect, F (2,53) ϭ 9.9; p Ͻ 0.001; post hoc p ϭ 0.001) (Fig. 2b) , reflecting classical sensitization effects-persistent hyperreactivity to drug exposure despite prolonged abstinence (for review, see Pierce and Kalivas, 1997) . As in our previous studies, arg Ϫ/Ϫ mice showed greater sensitivity that littermate wt mice (main effect of arg genotype, F (1,53) ϭ 7; p ϭ 0.01). Most notably, however, adolescent ifenprodil treatment normalized the locomotor response to cocaine to baseline (vs cocaine alone, p Ͻ 0.04), such that the locomotor response in ifenprodil-treated mice did not differ from mice administered only saline in adolescence (p ϭ 0.3). In other words, adolescent ifenprodil blocked adolescent-onset cocaine sensitization.
Cocaine-induced structural reorganization requires Arg and brakes psychostimulant sensitization
Current evidence indicates that amphetamine-like psychostimulants atrophy oPFC dendritic spines (see Introduction). To evaluate whether Arg kinase plays a role in this process, we again exposed mice to cocaine from P31 to P35, administered a "challenge" injection at 9 weeks of age, and then fixed and imaged oPFC dendritic spines 24 h after the final injection. Cocaine exposure decreased dendritic spine density in wt mice as expected (genotype by cocaine, F (1,99) ϭ 5.8; p ϭ 0.02; post hoc p ϭ 0.005). Cocaine-naive arg Ϫ/Ϫ spine density was reduced relative to wt also as expected (p Ͻ 0.001), butdensitieswerenotfurthersuppressedbycocaine(pϭ0.53) (Fig.2c) . As has been reported in the nucleus accumbens (Shen et al., 2009 ), cocaineincreasedoPFCspineheadsizeinwtanimals(Kolmogorov-Smirnov, p Ͻ 0.0001), but again, arg Ϫ/Ϫ spines were not affected (p ϭ 0.63) (Fig. 2d) .
Overall, wt spines showed a nearly 15% increase in head width in response to cocaine, while arg Ϫ/Ϫ spines hovered at ϳ0% change (t ϭ Ϫ4.0; p Ͻ 0.001) (Fig. 2e) . These data suggest that the structural response to cocaine may impact psychomotor sensitivity. To test this possibility, the neurotoxin latrunculin A, which blocks actin polymerization, was infused into the lateral oPFC before cocaine injection in adult wt mice. Acute infusion increased cocaine-elicited photobeam breaks relative to salineinfused control groups (main effect, F (3,33) ϭ 10.7; p Ͻ 0.001; post hoc values of p Ͻ 0.05) (Fig. 3a) . Microinfusion of the Abl family kinase inhibitor STI-571 also potentiated psychomotor sensitivity to cocaine (day by drug interaction, F (3,33) ϭ 3.6; p ϭ 0.02), particularly after repeated cocaine injection (day 5, p ϭ 0.004) (Fig. 3a) .
We also confirmed that reduced gene dosage of the Arg substrate p190RhoGAP potentiated cocaine-elicited locomotor activity to a comparable degree as arg knock-out (main effect, F (3,37) ϭ 9.8; p Ͻ 0.001; post hoc vs wt, both p Ͻ 0.02) (Fig. 3b) . By contrast, mice deficient in the closely related Abl kinase were not differentially affected ( p ϭ 0.65) (Fig. 3b) , sug- Figure 2 . Arg regulates the psychomotor and cytoskeletal response to cocaine. a, The locomotor response to repeated cocaine exposure in wild-type and arg Ϫ/Ϫ mice did not differ when cocaine was administered from P24 to P28, before arg Ϫ/Ϫ spine loss. When mice were administered cocaine starting at P31, however, arg Ϫ/Ϫ mice were hypersensitive. Locomotor activity is normalized to drug-free baseline. b, Mice of both genotypes exposed to cocaine from P31-P35 showed heightened locomotor sensitivity to an acute cocaine challenge as 9-week-old adults. Ifenprodil pretreatment blocked sensitization. c, The morphological response to repeated cocaine exposure was also analyzed; cocaine decreased wild-type oPFC spine density to levels comparable with arg Ϫ/Ϫ mice, but arg Ϫ/Ϫ spine density was not sensitive to cocaine. d, Cocaine enlarged remaining wild-type oPFC spine heads, but again, arg Ϫ/Ϫ spines did not respond to cocaine. e, Overall, wild-type oPFC spine heads were nearly 15% wider after cocaine; arg Ϫ/Ϫ spines did not change. Symbols and bars represent means ϩ SEMs. *p Ͻ 0.05 as indicated.
gesting the effects of the Abl family kinase inhibitor STI-571 were attributable to inhibiting Arg, and not Abl, kinase. Behavioral effects in arg Ϫ/Ϫ mice did not appear to be specific to cocaine, as Arg deficiency potentiated the locomotor response to repeated MPH exposure (main effect, F (1,13) ϭ 6.7; p ϭ 0.02) (Fig. 3c) . Sensitivity to both cocaine and MPH remained elevated in arg Ϫ/Ϫ and p190 ϩ/Ϫ mice despite a 7-10 d drug-free period modeling abstinence in humans (for cocaine, F (3,38) ϭ 7.3; p Ͻ 0.001, post hoc values of p Ͻ 0.04; for MPH, t ϭ Ϫ3, p ϭ 0.01) (Fig. 3d) .
Arg regulates oPFC-dependent decision making
We next evaluated whether the disruption of Arg kinase signaling impacts oPFC-dependent decision making in tasks used to model certain aspects of drug addiction. As previously reported (Gourley et al., 2009) , Arg deficiency did not impair response acquisition during initial training (data not shown), but upon reversal of the instrumental response requirement, arg Ϫ/Ϫ mice were impaired in both acquiring a new response to obtain food reinforcement (main effect, F (1,14) ϭ 7.6; p Ͻ 0.05) and in suppressing "perseverative" responding-responding on a previously reinforced aperture that is no longer active (main effect, F (1,14) ϭ 6.4; p ϭ 0.02) (Fig. 4a) . Wild-type mice with local oPFC Arg kinase blockade also failed to acquire a new response (main effect, F (1,14) ϭ 5.6; p ϭ 0.03), and infusions had no effects on perseverative responding (F Ͻ 1) (Fig. 4b) , thus mimicking the effects of selective excitotoxic lesions of the lateral oPFC (Gourley et al., 2010) . Our infusion protocol was selected based on previously published protocols in which NMDA spread was limited to the ventral and lateral oPFC compartments (Bissonette et al., 2008; Gourley et al., 2010) , and histological analyses confirmed that infusion sites were restricted to the lateral oPFC compartment (Fig. 4, inset) . Drug diffusion could not be measured in the present experiments, however, so it should be noted that we cannot conclusively argue that the medial oPFC was unaffected.
Response acquisition deficits may be attributable to an inability to modify response strategies in the presence of rewardassociated conditioned stimuli (for discussion, see Ostlund et al., 2010) . Thus, we trained mice to respond for food reinforcers accompanied by an auditory tone signaling food delivery. When food, but not the tone, was withheld, sated arg Ϫ/Ϫ mice continued to respond at 100% of baseline, while response rates in wt mice dropped (main effect, F (1,11) ϭ 5; p ϭ 0.05) (sum; Fig. 4c ). STI-571 infusions had comparable effects, with STI-571-infused mice generating more responses for the conditioned stimulus than saline controls (main effect, F (1,14) ϭ 6.1; p ϭ 0.03) (Fig. 4d) , indicating that Arg kinase inhibition impairs the ability to modify behavioral strategies in response to reward-related cues. A separate group of mice was tested after a 2 week STI-571 washout period; in this case, no effects of STI-571 exposure were identified (F Ͻ 1) (Fig. 4e) .
Discussion
Dendritic spines are the postsynaptic components of most excitatory synapses in the mammalian brain. Spines are remarkably plastic, particularly during adolescence, which is characterized by marked neocortical synaptogenesis and spinogenesis, then substantial structural pruning and refinement Rakic et al., 1994; Anderson et al., 1995; Bhatt et al., 2009 ). These processes are hypothesized to optimize decision-making capacity (Spear, 2000) , while disruption by environmental and/or genetic influences may confer vulnerability to typically adolescent-onset psychiatric disorders including drug addiction and schizophrenia (Lewis, 1997; Chambers et al., 2003; Garey, 2010) . Here, we build on evidence that deletion of the integrin-activated Arg kinase derails dopamine receptor refinement in the adolescent PFC (Gourley et al., 2009 ) and show that a subset of spines in Arg-deficient oPFC collapse in early adolescence in concert with the emergence of psychomotor hypersensitivity to cocaine. Both arg deletion and targeted inhibition of Arg kinase activity fundamentally impair oPFC-dependent decision-making processes, and at a structural level, arg Ϫ/Ϫ dendritic spines fail to respond to cocaine. Latrunculin A infusions and reduced gene-dosage of p190RhoGAP also exaggerate psychomotor sensitivity, providing considerable support for the growing perspective that the cytoskeletal response to cocaine and other amphetamine-like psychostimulants has "protective" consequences. Especially given evidence of modified in- Figure 3 . Potentiation of psychostimulant sensitivity by targeted latrunculin A, Abl family kinase inhibition, and p190RhoGAP knockdown. a, Mice were infused into the oPFC with latrunculin A or the Abl family kinase inhibitor STI-571. Both compounds potentiated the locomotor response to five subsequent daily cocaine injections. *p Ͻ 0.05 relative to intracranial saline plus systemic saline;
# p Ͻ 0.05 relative to intracranial saline plus systemic cocaine. b, p190RhoGAP-deficient mice ( p190 ϩ/Ϫ ) also showed heightened locomotor sensitivity on par with arg Ϫ/Ϫ mice, while abl Ϫ/Ϫ mice did not differ from littermate wild-type mice. *p Ͻ 0.05 versus wild type. c, The locomotor response to repeated MPH exposure was also exaggerated in arg Ϫ/Ϫ mice at a dose matched to cocaine for efficacy at the dopamine transporter (5 mg/kg). *p Ͻ 0.05 versus wild type. d, Cocaine-and MPH-induced locomotor hyperactivity in arg Ϫ/Ϫ and p190 ϩ/Ϫ mice was persistent, as indicated by increased activity relative to littermate wild-type control mice after a "challenge" injection administered after 7-10 d drug-free. The dashed line at 100% represents the locomotor response to saline. *p Ͻ 0.05 versus wild type. The bars and symbols represent group means ϩ SEMs.
tegrin signaling in cocaine-addicted populations (Mash et al., 2007; Drgon et al., 2010) and cocaine-exposed animals (Wiggins et al., 2009) , further insight could advance addiction treatment, particularly in developmentally vulnerable populations.
Prefrontal structural refinement in adolescence is Arg dependent
Adolescence represents a window of substantial cortical plasticity and activitydependent synaptic refinement. For example, in the oPFC, weaning time and early life social experience have complex interactive consequences for dendritic complexity in adulthood (Bock et al., 2008) . In the barrel cortex, sensory deprivation, which denies neurons of critical activity-dependent neuroplasticity, slows adolescent spine pruning and ultimately results in a net loss of dendritic spines (Zuo et al., 2005) . A shallow spine elimination curve and net loss also characterize the adolescent arg Ϫ/Ϫ oPFC, and the concentration of hippocampal CA1 spine loss to a region of heavy input from the Schaffer collaterals implicates Arg in neuronal sculpting that is activity dependent, rather than passive. Given that Arg is activated by integrin receptor engagement with the extracellular matrix (Bradley et al., 2006) , these effects might be anticipated but had not been previously verified.
In arg Ϫ/Ϫ mice, oPFC spine density grows between P21 and P24 but collapses by P31, likely reflecting permanent cortical synapse loss (Gourley et al., 2009) . In concert with the emergence of structural deficiencies, motoric hypersensitivity to cocaine becomes evident at P31, while arg Ϫ/Ϫ mice subjected to identical testing before P31 do not differ from wt littermates. This temporal convergence provides empirical support for the widely held hypothesis that structural instability in adolescence contributes to heightened vulnerability to cocaine and other psychostimulants such as methylphenidate.
We therefore attempted to block the sensitizing effects of adolescent cocaine exposure by pretreating mice with ifenprodil, an NR2B-selective NMDA antagonist expected to bias cocaine-elicited glutamate signaling through NR2A-containing NMDA receptors-NR2A signaling stabilizes functional synapses during early-life critical periods (Quinlan et al., 1999b; Loftis and Janowsky, 2000) and in response to environmental stimuli (Quinlan et al., 1999a; Yashiro and Philpot, 2008) . Like broad-spectrum NMDA antagonists, ifenprodil blocks cocaine sensitization in adult animals (Ujike et al., 1992; Kalivas and Alesdatter, 1993; Schumann and Yaka, 2009 ). Effects were previously believed to be transient, but we show that adolescent treatment blocks the sensitized response to cocaine persistently, here 4 weeks later. Long-term benefits from adolescent treatment resonate with the long-term consequences of adolescent sensory deprivation on neuronal structure in the barrel cortex, given that the same deprivation protocol has relatively limited effects when applied in adulthood (Zuo et al., 2005) . That arg Ϫ/Ϫ mice were sensitive to ifenprodil implies that this compound might be an efficacious treatment approach even in genetically vulnerable adolescent cocaine users.
Arg kinase orchestrates the structural response to cocaine
Although amphetamine-like psychostimulants are widely acknowledged regulators of cell structure, whether the morphological response to these and other addictive compounds contributes to or "protects against" the development of addiction has been a topic of considerable debate. We report that, like amphetamine (Muhammad and Kolb, 2011a,b) , cocaine reduces oPFC spine density, and we also show that repeated cocaine exposure enlarges remaining spine heads, as in the nucleus accumbens (Shen et al., 2009 ). Arg-deficient neurons fail to respond on both measures, suggesting that the behavioral vulnerabilities to cocaine in arg Ϫ/Ϫ mice (Figs. 2, 3 ) (Gourley et al., 2009 (Gourley et al., , 2011 reflect the failure to mount or sustain a structural response to cocaine. oPFC-targeted microinfusions of latrunculin A, which blocks actin polymerization, exaggerate the psychomotor response to cocaine, again echoing previous reports that nucleus accumbens Ϫ/Ϫ mice were impaired in acquiring a new response in an instrumental reversal task. Inset, Responses on the previously reinforced aperture ("inactive" responses) were also exaggerated in arg Ϫ/Ϫ mice. b, oPFC STI-571 infusions targeted to the lateral compartment selectively impaired response acquisition. c, Impaired acquisition may be attributable to reduced ability to modify behavioral strategies in the presence of reward-predictive stimuli, since arg Ϫ/Ϫ mice also performed more responses for reward-associated conditioned stimuli (total of 5 test sessions). d, Targeted oPFC STI-571 infusions also increased responding for cues associated with food reinforcement despite equivalent responding for food before infusion. e, Response patterns were unaffected if mice were allowed a 2 week washout period after STI-571 infusion before test. Inset, Representative infusion site at arrow. The symbols represent group means ϩ SEMs. *p Ͻ 0.05. latrunculin A infusions potentiate cocaine-primed reinstatement, an animal model of relapse (Toda et al., 2006) . Moreover, mice deficient in p190RhoGAP, which stabilizes neuronal structure by inhibiting the RhoA GTPase (Hernández et al., 2004) , also show cocaine hypersensitivity. These findings together support an emerging model in which the cytoskeletal response to cocaine may mitigate the behavioral response to subsequent exposure.
Cocaine-induced head enlargement in wt mice might be interpreted as merely a compensatory response to a net reduction in dendritic spines, but previous reports indicate that the electrophysiological response of oPFC neurons to amphetamine predicts amphetamine-induced locomotor activity and its disruptive effects on instrumental behavior Moghaddam, 2006, 2008) . How synaptic activity and stability in the oPFC contribute to psychomotor sensitization, a process largely attributed to progressive and protracted drug-induced modifications in the downstream neural circuits mediating incentive salience, remains unclear. Developing a more comprehensive view of the intracellular signaling mechanisms that orchestrate the structural response to amphetamine and amphetamine-like psychostimulants within the oPFC-and identifying how that response impacts behavioral outcomes-may provide critical insights into addiction.
Arg regulates oPFC-dependent decision making
Sensitization to psychostimulants models early aspects of addiction (Vanderschuren and Pierce, 2010) , while decision making based on heightened sensitivity to reward-predictive cues likely contributes to both addiction development and persistence (Jentsch and Taylor, 1999) . We thus characterized decision-making capacity in arg Ϫ/Ϫ mice using an instrumental task that requires animals to modify previously learned instrumental response strategies to acquire food. Arg knock-out and Abl family kinase inhibition in the oPFC impaired response acquisition, recapitulating effects of chronic cocaine exposure (Krueger et al., 2009 ), and we argue that sustained spine loss may be a common mechanism. Notably, arg Ϫ/Ϫ mice, but not oPFC STI-571-infused mice, also failed to inhibit non-reinforced responding, mirroring behavioral deficits after selective medial oPFC lesions (Gourley et al., 2010) , and likely reflecting the consequences of Arg deficiency across multiple prefrontal compartments.
Arg knock-out and Abl family kinase inhibition in the oPFC also increased sensitivity to reward-predictive cues even when those cues failed to predict reinforcement, suggesting behavioral deficits may be attributable to a failure to update expected outcomes. Indeed, under normal circumstances, the oPFC fosters stimulus-outcome associative learning (Ostlund and Balleine, 2007) , although in previous studies, oPFC lesions reduced sensitivity to reward-predictive stimuli. Nonetheless, we hypothesize that disruption of an amygdala-oPFC circuit can account for disorganized decision making here, since the basolateral amygdala endows oPFC neurons with information regarding expected outcomes, and disconnection of these structures yields resistance to outcome devaluation (Baxter et al., 2000; Schoenbaum et al., 2003) . This interpretation is indirectly supported by the loss of deep-layer oPFC dendritic spines in arg Ϫ/Ϫ mice, since these neurons are characterized by reciprocal connections with the amygdala (Ottersen, 1982; Bacon et al., 1996; Ghashghaei et al., 2007) .
Layer V neurons were targeted in this investigation because their connectivity with the basal forebrain and nucleus accumbens (Brog et al., 1993; Ghashghaei and Barbas, 2001 ) implicates them in psychostimulant addiction (Jentsch and Taylor, 1999; Kalivas and Volkow, 2005; Stalnaker et al., 2009) . Dendritic spine loss in more superficial layers-primarily layer III-is thought to contribute to disorganized thought and decision making in schizophrenia (Garey, 2010) . Future studies will evaluate the role of Arg kinase in these neurons, particularly since layers I-IV are more dramatically pruned during adolescence than layer V .
Conclusions
Since the seminal work of Robinson and Kolb (1997) , the relationship between psychostimulant exposure and dendritic spine structure has been a topic of intense interest. Experiments to this end generally evaluate the effects of sensitizing psychostimulant exposure on striatal or prefrontal dendritic spine morphology, while experiments addressing whether events that impact the actin cytoskeleton trigger behavioral vulnerabilities have been limited. Our efforts in this domain support an emerging model in which the cytoskeletal response to cocaine mitigates the behavioral response to subsequent exposure, particularly during adolescence. Given increasing recognition that even highly heritable psychiatric diseases such as drug addiction, schizophrenia, and autism are unlikely to be caused by specific genetic mutations, determining common signaling cascades in which so-called "risk genes" function is critical (Penzes et al., 2011) . Thus, future identification and characterization of specific integrin receptors and their ligands that act through Arg to control neuronal structure and stability during adolescence and/or in response to cocaine may shed more focused light onto signaling cascades that could serve as promising therapeutic targets.
